The depositional and diagenetic history of Cretaceous-Tertiary (KT) impact ejecta deposited 360 km from the Chicxulub crater, at Albion Island, Belize, has been investigated using integrated cathodoluminescence and isotopic analyses. A quarry exposes 26 m of Upper Cretaceous Barton Creek Formation dolomitized marine limestone overlain by 16 m of dolomitized Albion Formation impact ejecta. The Albion Formation consists of a lower finegrained »1-m-thick spheroid bed and an upper 15-m-thick coarse conglomeratic diamictite bed. A 14-event paragenetic sequence has been documented and used as a temporal framework to interpret chemostratigraphic trends in bulk rock d 18 O, d 13 C and 87 Sr/ 86 Sr. The uppermost surface of the Barton Creek Formation was subaerially exposed before the KT impact, as indicated by a brecciated palaeosol that caps upsection decreases in d 13 C and d 18 O. Small 1-cm-diameter spheroids in the spheroid bed exhibit vermicular crystalline textures but lack the concentric zonations common to accretionary lapilli. These spheroids are hypothesized originally to have been impact glass or reactive Ca and Mg oxide dusts that adhered to water vapour particles condensing from the cooling impact vapour cloud. The spheroids were dolomitized soon after deposition. The earliest dolomitization in the matrix sediments of the Albion Formation was also post-depositional, replacing clays formed by devitrification of impact glass. Dolomite and clay 87 Sr/ 86 Sr exhibit a distinct symmetrical distribution in the spheroid bed ranging from 0AE707745 to 0AE707872. Although unproven, this may represent primary changes in the chemical composition of the impact glass. The limestone clasts in the diamictite bed were dolomitized before the KT impact and exhibit upsection decreases in bulk rock 87 Sr/ 86 Sr. This suggests that the clasts were excavated from strata equivalent in age or older than the Barton Creek Formation at locations closer to, or in, the Chicxulub crater.
INTRODUCTION
Evidence from drill cores and geophysical data have demonstrated that the »200-km-diameter ringed Chicxulub structure in the subsurface of the northern Yucatan in Mexico is the Cretaceous-Tertiary (KT) large-body impact crater (Hildebrand et al., 1991 (Hildebrand et al., , 1995 Pope et al., 1991 Pope et al., , 1994 Alvarez et al., 1992; Sharpton et al., 1992 Sharpton et al., , 1993 Sharpton et al., , 1996 Swisher et al., 1992; Ward et al., 1995; Morgan & Warner, 1997; among others) . Recognition of the impact site has been followed by an intensive search for circum-Caribbean and Gulf of Mexico deposits of sedimentary ejecta that record direct evidence of the transport dynamics and chemistry of the impact vapour cloud and ejecta curtain (Smit et al., , 1996 Ocampo et al., 1996; Fourcade et al., 1998 Fourcade et al., , 1998 Keller et al., 1997; Bralower et al., 1998; Pope et al., 1999) .
To date, the most proximal KT ejecta sediments have been recovered in the subsurface from deep exploratory wells drilled by Petró leo Mexicanos (PEMEX) and shallow wells drilled by the Universidad Nacional Autonoma de Mexico (UNAM) in and near the deeply buried Chicxulub crater (Ward et al., 1995; Urrutia-Fucugauchi et al., 1996) . Although of great scientific value, the cores from these wells have provided limited information on the geographic distribution, sedimentological composition and transport history of KT ejecta. The most proximal and stratigraphically complete exposure of KT ejecta sediments cropping out at the modern-day land surface is a quarry on Albion Island, Belize (Ocampo et al., 1996; Pope et al., 1999) . The Albion Island section exposes the lowermost part of the Chicxulub ejecta blanket at an intermediate distance between the crater rim and the siliciclastic tsunami deposit sections (Smit et al., 1996) .
The present study of the Albion Island section is the first to apply cathodoluminescence (CL) petrography and isotope geochemistry to reconstruct the depositional and post-depositional alteration (diagenetic) history of sediments ejected from the KT impact crater. Stratigraphic and petrographic analyses of the ejecta have been synthesized into a detailed paragenetic sequence, which provides a high-resolution relative time frame of sediment deposition and diagenesis for these deposits. Bulk-rock chemical analyses of 87 Sr/ 86 Sr, d 13 O and d 13 C have been determined and evaluated with respect to predicted waterrock interaction covariation trends. The temporal framework provided by the paragenetic sequence integrated with the whole-rock isotopic trends has been used to: (1) constrain the timing of dolomitization of the ejecta with respect to the KT impact; (2) determine that the Albion Island site was subaerially exposed before the impact; (3) interpret the formation of a unique class of ejecta products called dolomite spheroids; and (4) evaluate the source of coarse allochthonous clasts in the ejecta to test the applicability of current models of impact sediment dispersal.
GEOLOGICAL SETTING
Albion Island (18°7AE5¢ N, 88°42¢ W), which lies 360 km SSE from the centre of the Chicxulub crater ( Fig. 1) , is a site at which KT impact ejecta were deposited on the interior of the Mesozoic Yucatan carbonate platform. The base of the Albion Island quarry is composed of 26 m of Barton Creek Formation dolomitized limestone, interpreted to be of a Late Cretaceous and possibly Maastrichtian depositional age (Ocampo et al., 1996; Vega et al., 1997; Pope et al., 1999; Fig. 2) . Overlying the Barton Creek Formation is a pervasively dolomitized ejecta deposit called the Albion Formation, which is divided into: (1) a lower 1-m-thick fine-grained clay and dolomite spheroid bed; and (2) an upper 15-m-thick coarse diamictite bed with abundant dolomitized limestone blocks as large as 6 m in diameter in a matrix of fine-grained dolomite (Ocampo et al., 1996; Pope et al., 1999; Fig. 2) . The upper surface of the exposed diamictite bed is at the modern erosional land surface and, therefore, the original thickness of the bed is unknown. Ocampo et al. (1996) and Pope et al. (1999) presented detailed descriptions of the Albion Formation lithologies, suggesting that at least part of the sedimentary debris is derived from the KT Chicxulub impact crater. Clay spheroids composed of palagonite have been interpreted to be devitrified impact glass similar to the glass tecktites deposited in Haiti (Sigurdsson et al., 1991a,b) , whereas the dolomite spheroids have been interpreted as altered impact-derived accretionary lapilli (Ocampo et al., 1996; Pope et al., 1999) . Other evidence that the Albion Island section is an impact ejecta deposit includes its proximity to the Chicxulub crater, consistent if imprecise biostratigraphic age controls, coarse and poorly sorted sediments, one shocked quartz grain, large accretionary blocks and polished cobbles with striations and injected rock fragments (Ocampo et al., 1996; Pope et al., 1999) .
METHODS
Centimetre-scale sampling of the lithologies cropping out in the Albion Island quarry (Table 1) was closely co-ordinated with sedimentological descriptions presented by Ocampo et al. (1996) and Pope et al. (1999) . Twenty spheroids collected from the Albion Formation spheroid bed were impregnated, thin sectioned and analysed. Polished thin sections and rock chips were examined on a CITL 1200 cold cathodoluminoscope operating at 11 kV and 550 lA in the Department of Geology at the University of Illinois. An Optronics DEI-750 three-chip HCCD thermoelectronically cooled camera was used to capture and manipulate the low-light CL images directly (Fouke & Rakovan 2001) . CL results are summarized in Table 2 .
Sample powders for isotopic analysis were prepared by crushing »1-cm 3 rock chips in an HCl-cleaned porcelain mortar and pestle. Each rock chip was scrubbed, ultrasonically cleaned in 1% HCl, rinsed in deionized water and dried in a dust-free low-temperature oven before crushing. Sample powders were separated into three splits, each of which was treated in the following manner: (1) calcite-dolomite-clay sample splitunacidified without further treatment to retain all bulk-rock mineral components including calcite; (2) dolomite-clay sample split -leached in 4% glacial acetic acid for »1 min to remove calcite (according to techniques described by Staudt et al., 1993) ; and (3) clay sample split -leached in 4% glacial acetic acid for »1 min followed by a 24-h leach in 5% HCl to concentrate the clays and remove the dolomite mineral fraction. The sample powder splits analysed geochemically in this study are presented with their specific 87 Sr/ 86 Sr, d
13 C and d
18
O analyses in Table 3 . Carbon-and oxygen-isotope analyses were measured on the CO 2 released during digestion of 20-50 lg of the sample powder in 100% phosphoric acid at 50°C on a Finnigan-Mat mass spectrometer in the Sawyer Environmental Laboratory at the University of Maine. Data are reported as d
C and d
18 O values for CO 2 gas relative to VPDB using the standard delta notation (Swart et al., 1991) . Analytical precision was 0AE1 ml -1 for oxygen and 0AE2 ml -1 for carbon. Strontium separation was performed by standard chemical methods. This included dissolving 1 mg of sample powder in 3 M HCl at 110°C for 10 h, centrifuging to remove organics, drying at 110°C, acidification in 1AE5 M HCl, transport through cation exchange columns loaded with Aminex Q15S and loading onto outgassed zone-refined Re filaments. 87 Sr/ 88 Sr ¼ 0AE1194). Sr isotope ratios from 10 replicate analyses of NIST SRM 987 yielded a mean value of 0AE710251 (1 sigma ±0AE000016). Average in-run precision was ±0AE000015 for the standard and ±0AE000014 for each sample. Waterrock interaction modelling of the isotopes was completed by integrating equations described by Banner & Hanson, 1990) and Langmuir et al. (1978) into VISUAL BASIC macro programs embedded within Microsoft 98 EXCEL (Fouke et al., 1996a,b) .
SEDIMENTOLOGY AND CATHODO-LUMINESENCE PETROGRAPHY
Multiple complex episodes of carbonate sedimentation and diagenesis have created the deposits now exposed in the Albion Island quarry. The sedimentology and stratigraphy of the Albion Island deposits were thoroughly described by Petrography and isotope geochemistry of KT impact ejecta 119 Ocampo et al. (1996) and Pope et al. (1999) . Therefore, only basic contextual summaries of the sedimentology and stratigraphy will be presented here. CL petrography is an essential tool for characterizing and fingerprinting individual events of carbonate sedimentation and diagenesis such as those comprising the Albion Formation ejecta (Meyers, 1974; Meyers & Lohmann, 1985; Cander et al., 1988; Tucker & Wright, 1990; Fouke et al., 1996a,b; Montañ ez, 1997) . The pore spaceto outcrop-scale stratigraphic distribution of carbonate sediments and dolomite and calcite crystals, mapped using their distinct colour and concentric zonations under CL, has been used to establish a high-resolution paragenetic sequence. This paragenetic sequence creates a relative temporal framework from which the depositional and diagenetic history of the KT impact ejecta has been reconstructed. The paragenetic sequence has also provided a framework with which to help constrain interpretation of the bulk-rock geochemical analyses completed in this study.
The sedimentological and stratigraphic framework and CL petrography of each event in the paragenetic sequence are described and synthesized in the following descriptions of the Barton Creek and Albion Formations.
Barton Creek Formation
The basal portion of the Albion Island quarry is composed of pervasively dolomitized marine limestones of the Barton Creek Formation ( Fig. 2A and B, Table 1 ). Lithologies vary from tidal flat carbonate mudstones containing gastropods, brachyuran crabs and anhydrite moulds to lagoonal cross-bedded fossiliferous packstones (Ocampo et al., 1996; Vega et al., 1997; Pope et al., 1999) . Therefore, the Barton Creek Formation at Albion Island represents Late Cretaceous sedimentation in restricted, shallow-water marine environments well inboard from the margin of the extensive Yucatan platform. The top 20-50 cm of the Barton Creek Formation is an irregular red-tinted matrix-supported breccia ( Figs 3D and 4) , which has been interpreted to represent an ancient soil (calcrete palaeosol or caliche) formed during preimpact subaerial exposure and erosion of the Yucatan platform (Ocampo et al., 1996; Pope et al., 1999) . (Fig. 4) suggests that these cements precipitated before deposition of the Albion Formation (Fig. 5) . Although it is possible for the lateral movement of diagenetic groundwater to create these types of stratiform cement distributions (Fouke et al., 1996a) , no evidence was observed to support this interpretation for the Barton Creek Formation. The relative age of the cements (Fig. 5) is provided by the observation that Dolomite 3 replaces Dolomites 1 and 2, disrupting their sharp euhedral concentric CL zonations (Figs 5 and 6A and B) . Calcite 1 coats and therefore post-dates Dolomites 4 and 5 within the uppermost 1 m of the Barton Creek Formation (Figs 5 and 6C and D) . The angular, poorly sorted clasts in the red breccia at the top of the Barton Creek Formation range from 1 mm to 2 cm in diameter (Fig. 2D ) and are composed of Dolomite 4, whereas the dolomitized matrix of the breccia is composed of fine sucrosic Dolomite 5 crystals ( Fig. 6E and F ; Table 2 ). These pervasive replacement dolomitization textures indicate that Dolomites 4 and 5 were precipitated after the formation of the thin red breccia at the top of the Barton Creek Formation (Fig. 5) .
Albion Formation spheroid bed
The spheroid bed at the base of the Albion Formation is a 0AE9-to 1AE5-m-thick layer of fine- Table 1 ). X-ray diffractometry indicates that the clay is palagonite and has been interpreted as devitrified impact glass (Ocampo et al., 1996; Pope et al., 1999) . Several types of spheroids have been observed within the spheroid bed that account for at least 30% of the lithology (Pope et al., 1999) . Many of these spheroids are concentrically zoned, reach diameters of up to 2 cm and are composed of dolomite, mixtures of dolomite and clay or pure clay (Ocampo et al., 1996; Pope et al., 1999) . The 20 spheroids analysed from the spheroid bed in the present study were »1 cm in diameter and spherical to ellipsoidal in shape with flattening parallel to the plane of bedding (Fig. 3A and B) . These spheroids did not contain a nucleus, exhibited no concentric layering (Fig. 3C ) and were composed of small (£40 lm) euhedral crystals, here called Dolomite 6 ( Fig. 7 ; Table 2 ).
Spheroids containing Dolomite 6 were not observed in the Barton Creek Formation (Fig. 4) . Therefore, Dolomite 6 has been interpreted to post-date Dolomite 5 (Fig. 5) . Each spheroid exhibited a unique vermicular texture distributed along parallel lineations that extend across each spheroid ( Fig. 7A-F ). This texture cross-cuts the Dolomite 6 crystal boundaries ( Fig. 7E and F) , suggesting that it was a primary depositional fabric that was preserved during post-depositional dolomitization. The fine-grained matrix supporting the spheroid bed is composed of finely disseminated interstitial clays and 50-75 lm rhombohedral crystals of Dolomite 7 ( Fig. 7A and B; Table 2 ). Dolomite 7 crystals were commonly observed floating within and cross-cutting the matrix clays ( Fig. 7A and B) . Therefore, the precipitation of Dolomite 7 has been interpreted to post-date the diagenetic formation of the clay (Fig. 5 ). Dolomite 7 is slightly larger than Dolomite 6 and exhibits brighter and more widely spaced concentric CL zonations ( Fig. 7A and B ; Table 2 ).
Albion Formation diamictite bed
The next unit of the Albion Formation is the diamictite bed, a 15-m-thick layer of coarse matrix-supported conglomeratic breccia that exhibits no obvious bedding or sorting ( Fig. 2A and B; Table 1 ; Ocampo et al., 1996; Pope et al., 1999) . It is composed of a sucrosic dolomitized matrix that supports dolomitized limestone clasts from 1 mm to several metres in diameter (Fig. 2D ) and spheroids composed of dolomite, calcite, and/or clay. The diamictite bed clasts commonly contain marine fossils and represent a variety of shallow-water, open to restricted marine carbonate facies (Ocampo et al., 1996; Pope et al., 1999) . Many clasts exhibit variably oriented linear grooves, some of which have polished surfaces (Ocampo et al., 1996; Pope et al., 1999;  Fig. 2D . In addition, some blocks contain Barremian to Albian rudists, whereas others contain Albian to Lower Campanian foraminifera (Ocampo et al., 1996) . Table 2 .
As in the spheroid bed, the fine-grained matrix supporting the diamictite bed is composed of Dolomite 7 and interstitial clays ( Fig. 8 ; Table 2 ). The spheroids in the diamictite bed are significantly less abundant than those in the spheroid bed, lack the vermicular crystalline textures and are composed of Dolomite 7. Although no direct evidence was observed to determine the relative timing of precipitation of Dolomite 6 vs. 7, the lack of Dolomite 6 in the diamictite bed implies that Dolomite 6 is older (Fig. 5) . Several other distinct types of dolomite and calcite crystals (Dolomites 8, 9 and 10; Calcites 2, 3 and 4) occur within the large coarse clasts distributed throughout the diamictite bed (Figs 4, 5 and 9; Table 2 ). Petrography and isotope geochemistry of KT impact ejecta 127
ISOTOPE GEOCHEMISTRY
Bulk-rock strontium, carbon and oxygen isotopic analyses from the Barton Creek and Albion Formations are presented in Table 3 and Fig. 10 . Documentation of whether the chemical analysis was performed on a calcite-dolomite-clay, dolomite-clay or clay sample split is provided in Table 3 . The composition of each sample split category depended on the stratigraphic position from which the samples were collected. For the Barton Creek Formation, the calcite-dolomiteclay sample splits contained Dolomites 1-5 and Calcite 1 (Fig. 4) . For the spheroid bed, the calcite-dolomite-clay sample splits contained varying proportions of Dolomites 6 and 7 and clay (Fig. 4) and, for the diamictite bed, the calcite-dolomite-clay sample splits contained mixtures of Dolomites 7-10 and Calcites 2-4 (Fig. 4) . Covariant trends in d 13 C (-2AE47 to +2AE27& VPDB) and d
18 O (-1AE89 to +0AE70& VPDB) throughout the Albion Island section exhibit average differences of »1& between the calcite-dolomiteclay and dolomite-clay sample splits (Fig. 10) Sr values also exhibit clear stratigraphic trends and range from 0AE707692 to 0AE707808 (Fig. 10) . The maximum difference between the 87 Sr/ 86 Sr of the dolomite-clay and clay sample splits was 0AE00008 (Fig. 10) .
Three important chemostratigraphic trends have been observed in these bulk-rock chemical analyses. The first is a large synchronous covarying decrease in Sr within the spheroid bed. Dolomite-clay sample split 87 Sr/ 86 Sr increases by +0AE000072 from the top of the Barton Creek Formation to the middle of the spheroid bed, reaching a maximum of 0AE707809 (between 26AE2 and 26AE4 m elevation; Fig. 10 ). The dolomite-clay sample split 87 Sr/ 86 Sr then decreases by -0AE000117 to the base of the overlying diamictite bed (Fig. 10) . The clay sample split 87 Sr/ 86 Sr mirrors this trend but at higher values, reaching a maximum of 0AE707872 (Fig. 10) . These results suggest that the dolomite-clay sample split primarily reflects the dolomite composition, whereas the composition of the clay split suggests that it is nearly a pure clay concentrate. A third distinct trend is exhibited by the bulk-rock chemistry of clasts in the diamictite bed (Fig. 10) Sr increases by 0AE00145 from an elevation of 27 m at the base of the diamictite bed to an elevation of 32 m (Fig. 10) . A systematic decrease of 0AE00091 then occurs vertically over the next 2 m of stratigraphy (Fig. 10) . 
INTERPRETATION AND DISCUSSION
Integrating the results of the CL petrography and isotope geochemistry presented above permits several valuable constraints to be placed on the depositional and diagenetic history of the KT impact ejecta deposited at Albion Island. These include: (1) dolomitization history of the ejecta; (2) reconstruction of the preimpact environmental setting on the Yucatan platform; (3) preliminary interpretation of the formation of the dolomite spheroids in the spheroid bed; and (4) evaluation of the mechanisms of sediment transport from the impact crater.
Dolomitization of the Albion Island section
The petrography and geochemistry assembled in the present study indicate that the Albion Formation has experienced multiple events of preand post-impact dolomitization. Therefore, reconstruction of a depositional and diagenetic history for these impact ejecta has required discrimination between primary and secondary dolomitization. This has been done by combining evidence of the stratigraphic distribution of each dolomite in the Albion Island section (Fig. 4) with information on the timing of dolomitization provided by the paragenetic sequence (Fig. 5) .
Dolomites 1-5 are stratigraphically restricted to the Barton Creek Formation (Fig. 4) , suggesting that they formed before deposition of the Albion Formation ejecta. Dolomite 6 occurs exclusively within spheroids of the spheroid bed (Fig. 3) and exhibits a unique vermicular texture (Fig. 7) . However, no petrographic evidence was observed to determine whether Dolomite 6 represents primary dolomite precipitation during spheroid formation or is a result of post-impact dolomitization. As described above, the stratigraphic distributions of Dolomites 6 and 7 suggest that Dolomite 6 predated Dolomite 7 (Fig. 5) . Rhombs of Dolomite 7 were observed floating within and thus replacing clays in the matrix of the spheroid bed ( Fig. 7A and B, 8C and D) . The clays are interpreted to have formed by post-depositional diagenetic alteration of impact melt glass by local groundwater (Ocampo et al., 1996; Pope et al., 1999) . Therefore, the replacement of these clays suggests that the precipitation of Dolomite 7 is a post-impact event that took place after deposition and impact glass diagenesis.
A prerequisite to interpreting mechanisms of ejecta dispersal is to determine whether the clasts in the diamictite bed were derived from near the surface of the Yucatan platform (Barton Creek Formation) or from deeper subsurface horizons within the platform. The presence of Dolomites 8-10 exclusively in clasts and not in the matrix of the diamictite bed implies that these dolomites were not formed during post-impact diagenesis. Therefore, Dolomites 8-10 presumably represent preimpact dolomitization of Yucatan platform limestones. In addition, Dolomites 1-5 in the Barton Creek Formation (Fig. 6) are significantly different in size, shape and CL character from Dolomites 8-10 in the clasts of the diamictite bed ( Fig. 9; Table 2 ). This indicates that the diamictite bed clasts were not locally derived from the Barton Creek Formation at the Albion Island site.
Pre-impact environmental setting
The isotopic data collected in this study confirm previous interpretations that the thin red breccia at the top of the Barton Creek Formation (Fig. 4) is a palaeosol formed during subaerial exposure (Ocampo et al., 1996; Pope et al., 1999) . This suggests that the KT ejecta sediments at Albion Island were deposited in a terrestrial rather than in a shallow-marine setting. The stratigraphic restriction of Dolomites 1-5 and Calcite 1 to the Barton Creek Formation (Fig. 4) and the isotope chemostratigraphy (Fig. 10) indicate that the top of the Yucatan platform was subaerially exposed before the deposition of the overlying Albion Formation ejecta (Fig. 5) . To evaluate the composition of the groundwater responsible for this meteoric diagenesis, the bulk-rock isotope data were compared with an estimated sea-water dolomite (ESD (Jones et al., 1994; Howarth & McArthur, 1997; Vonhof & Smit, 1997; McArthur et al., 1998; Veizer et al., 1999) . The other hypothetical end-member in these evaluations was an estimated freshwater dolomite (EFD), reconstructed from modern-day freshwater analyses in the Yucatan and southern Caribbean region (Stoessel et al., 1989; Fouke, 1994) . The Barton Creek Formation isotopic data fall along an inverted J-shaped distribution with respect to the ESD (Fig. 11A) , suggesting that the oxygen isotopes may have been diagenetically reset before the carbon isotopes. These covariation trends, in combination with the progressively lighter d
18 O and d
13
C values upsection (Fig. 10 ), are consistent with limestone diagenesis in freshPetrography and isotope geochemistry of KT impact ejecta 131 water containing dissolved soil-gas CO 2 ( Fig. 10 ; Allen & Matthews, 1982; Meyers & Lohmann, 1985; Lohmann, 1987; Banner & Hanson, 1990; Goldstein et al., 1991; Fouke et al., 1996a,b) .
A subset of the Barton Creek Formation d 13 C and d
18 O analyses could also be interpreted as a linear distribution (Fig. 11A) . If correct, this may imply that there was: (1) physical mixing of meteoric groundwater with sea water that diagenetically altered the top of the formation; or (2) physical mixing of the Dolomite 1-5 and Calcite 1 crystals in the bulk-rock sample powders (i.e. Faure, 1986) . Although the data set is small, at least some physical mixing is implied by the correlation of the Barton Creek Formation data with a binary mixing hyperbola calculated from the 87 Sr/ 86 Sr vs. d
18
O data (Fig. 11A) . If accurate, this mixing parabola may imply that the upper surface of the Barton Creek Formation at Albion Island was Campanian in age at the time of the impact rather than Maastrichtian.
Genesis of the dolomite spheroids in the Albion Formation spheroid bed
Concentrically layered spheroids with distinct nuclei have been observed in the Albion Formation (Ocampo et al., 1996; Pope et al., 1999) . These Table 3 . Iterative water-rock interaction trajectories (WR) for varying meteoric water compositions are shown for freshwater reaction with limestone using mixing equations in Langmuir et al. (1978) and water-rock interaction equations in Banner & Hanson (1990) . Binary mixing lines (Mixing) were calculated using equations in Faure (1986) . The composition of an estimated sea-water dolomite (ESD) precipitated from Campanian and Maastrichtian sea water was constructed from data in Jones et al. (1994) , Howarth & McArthur (1997) , Vonhof & Smit (1997) , McArthur et al. (1998) and Veizer et al. (1999) . Calcite-dolomite fractionation factors in Land (1980) were applied to estimate the ESD d
18 O composition. The symbol key is the same as that shown in Fig. 10 .
have been interpreted as being primary accretionary lapilli formed in the impact ejecta curtain as condensing water vapour adhered fine dust to spinning grains in the impact debris clouds, forming lapilli similar to those created during volcanic eruptions (e.g. Graup, 1981; Schumacher & Schmincke, 1991) . However, the dolomite spheroids from the spheroid bed analysed in the present study are distinct from accretionary lapilli. Their lack of distinct nuclei and concentric layering in cross section (Fig. 3C ) may have been the result of fabric-destructive diagenesis (Pope et al., 1999) . However, the vermicular crystalline texture in these spheroids, which has not been documented previously in these or other KT impact spheroids (Montanari, 1990) , has been preserved (Fig. 7) . This implies that the dolomite spheroids either: (1) originally lacked a nucleus and concentric layering; or (2) experienced diagenesis that simultaneously preserved the vermicular fabric and destroyed the nuclei and layering. Although no evidence was obtained conclusively to support or disprove the mechanism by which the dolomite spheroids were formed, at least three hypothetical scenarios are plausible. The first is that the dolomite spheroids were originally impact glass that was devitrified and altered to clay. As is observed in thin section ( Fig. 7A and B) , these clays have commonly been replaced by dolomite. Therefore, each clay spheroid may be a pervasively dolomitized clay spheroid. The second hypothesis stems from the assumption that the cloud of vaporized rock (carbonate and silicate) and water created by the bolide impact cooled rapidly as it expanded away from the Chicxulub crater. The condensation of water vapour in this cooling cloud may have triggered the nucleation of calcium and magnesium oxides, forming a dust of highly reactive 'quicklime' that accreted and rained out as spheroids (Ocampo et al., 1996) . Where these spheroids fell into sea water, they may have been destroyed by rapid hydration, explaining the general lack of large spheroids in marine sections of KT ejecta (Montanari, 1990) . In contrast to subaqueous environments, deposition at the terrestrial Albion Island site may have permitted at least short-term preservation of the spheroids until percolating surface water led to pervasive diagenesis. Gradual hydration, conversion to various metastable calcium and magnesium compounds and the eventual formation of dolomite may then have rapidly altered the spheroids. If correct, the vermicular texture may be a product of gas release during hydration of the spheroids.
An analogous series of chemical reactions is observed during the formation of Portland cement. Powdered carbonate and silicate rocks are mixed in varying proportions and heated to 1400°C (Erlin, 1969) . Small proportions of water are then added to drive the precipitation of belite (Ca 2 SiO 4 ) in the form of 20-to 40-lm-diameter subspherical cement particles, called 'clinkers', containing parallel crystal striations (Petersen, 1983a,b) . It may be possible that the vermicular texture is somehow analogous to these parallel crystals. Larger spherical nodules are then formed as the clinkers are bound together by water via both coalescence and accretion processes. Relatively large proportions of water are required in this process to form clinkers without outer rims composed of silica cements (Taylor, 1997) , which is consistent with the observations of the dolomite spheroids.
A third related hypothesis is that the dolomite spheroids formed by mechanisms similar to those that create lunar and meteoritic chondrules. Chondrules are millimetre-sized spherical to subspherical bodies composed of silicate crystallites ('parallel crystal barring') that exhibit evidence of melting as well as the incorporation of particulate sulphides and Fe oxides (Roedder & Weiblen, 1977; Graup, 1981; Grossman & Wasson, 1983) . The parallel crystal barring may somehow be analogous to the vermicular crystallization in the spheroids, in that both crystalline fabrics extend across the host spherical grain. Two types of impact-produced chondrules have been identified, which include fluid drop chondrules composed of shock-melted silicates and lithic chondrules derived from rock fragments (Fredricksson et al., 1973a,b; Graup, 1981; Boss, 1996) . Secondary pervasive dolomitization may then have replaced either of these types of chondrules to form the dolomite spheroids.
Depositional history and
87 Sr/ 86 Sr chemostratigraphy of the Albion Formation Synthesis of the sedimentological and geochemical analyses completed in this study permits an evaluation of the source and transport mechanisms of the Albion Formation ejecta. The 87 Sr/ 86 Sr chemostratigraphy of the spheroid bed exhibits a remarkably symmetrical distribution (Fig. 10) . If it can be demonstrated that the Sr in these sediments has not been significantly altered during post-depositional diagenesis, then this trend may reflect variations in the original composition of the impact glass. The d 18 O vs. d 13 C
Petrography and isotope geochemistry of KT impact ejecta 133 compositions suggest that the spheroid bed has experienced significant diagenetic alteration based on the coincidence of the data with diagenetic reaction trajectories (Fig. 11B) . One interpretation is that the spheroid bed sediments were altered via water-rock equilibration with freshwater containing soil-derived CO 2 ( Fig. 10B ; Allen & Matthews, 1982; Meyers & Lohmann, 1985; Lohmann, 1987; Banner & Hanson, 1990; Goldstein et al., 1991; Fouke et al., 1996a,b) . Alternatively, the subset of the spheroid bed d
13
C vs. d
18
O data that falls along a line (Fig. 11B ) may suggest the binary mixing of sea water with freshwater or the mixing of a sea water-derived dolomite with a dolomite precipitated from freshwater (Faure, 1986 (Fig. 10) indicates that the original impact glass contained more radiogenic Sr than the dolomite. An associated possibility is that the symmetrical 87 Sr/
86
Sr trend could have been caused by larger proportions of clay to dolomite in the middle of the spheroid bed, but no such trend was observed in thin section.
Black and yellow impact glasses derived from melting of the siliceous basement at the bottom of the Chicxulub crater have been deposited in Haiti (Sigurdsson et al., 1991a; Blum & Chamberlain, 1992; Blum et al., 1993) . The black glass, interpreted to be relatively pure crustal melt, has a 87 Sr/ 86 Sr value of 0AE70901 (Sigurdsson et al., 1991a As a result, it is possible that the symmetrical 87 Sr/ 86 Sr stratigraphic trend in the spheroid bed represents complex mixing among Sr derived from the impacted crustal rocks (limestone, evaporites, silicate basement), the bolide and sea water at the time of impact. Drill cores indicate that the shallowest depth of siliceous basement at the time of the KT impact was at a depth of »1AE7 km beneath the Yucatan platform (Ward et al., 1995) . Therefore, the presence of impact glass in the spheroid bed requires that the Chicxulub crater was excavated to at least this depth by the time of spheroid bed deposition to provide a source of siliceous melt. As crater excavation proceeded from the surface to the base of the Yucatan platform, the liberated 87 Sr/
Sr would have been expected to decrease progressively (Howarth & McArthur, 1997) . This is not consistent with the symmetrical distribution of 87 Sr/ 86 Sr in the spheroid bed (Fig. 10) , suggesting that this trend does not represent progressive crater excavation. Therefore, the implication of the 87 Sr/
Sr chemostratigraphy in the spheroid bed with respect to cratering and ejecta deposition is uncertain.
An ejecta transport process permitting the finegrained glass-rich sediments of the spheroid bed to outrun all other ballistic ejecta and be deposited as a thin undisturbed layer beneath the diamictite bed has not yet been identified. However, two models for ejecta dispersal applicable to the diamictite bed have been reconstructed for other impact sites. The first is the ballistic sedimentation model interpreted from the Buntes breccia ejecta blanket from the Ries crater in Germany (Horz et al., 1983) . In this model, large ballistically launched clasts and blocks would have fallen back to earth near the crater, forming secondary impacts that triggered ground surge debris flows. Scouring of the earth surface during this process would have incorporated clasts from the Barton Creek Formation bedrock (Oberbeck, 1975) . Therefore, if this model is applicable, the diamictite bed debris clasts may be composed of a mixture of primary clasts from the crater site and regionally to locally derived clasts eroded from the Barton Creek Formation. The second ejecta sedimentation model is the ring vortex mechanism for continuous ejecta emplacement (Schultz, 1992; Barnouin-Jha & Schultz, 1996 . In this scenario, the trajectories of ejecta expelled from the impact crater initially form a curtain in the shape of an inverted hollow cone that expands outwards. The ejecta curtain acts as a barrier that forces the atmosphere away from it, creating ring vortices. Atmospheric drag acts to decelerate the ejecta within the vortex and reduces the velocity of the ejecta curtain, causing the inverted hollow cone to collapse into a turbulent flow of debris that is deposited several crater diameters from the crater rim. If applicable, the diamictite bed should be dominantly composed of clasts derived from the crater rather than from the Barton Creek Formation.
The evidence collected in the present study is inconclusive regarding whether ballistic sedimentation or ring vortex collapse more accurately describes ejecta dispersal from the Chicxulub crater. Ocampo et al. (1996) and Pope et al. (1999) interpreted the majority of diamictite bed clasts to be primary ejecta and thus suggested that the ring vortex model is most applicable. Their interpretation was based on: (1) significant differences in sedimentological composition observed between the Barton Creek Formation limestone and the clasts in the diamictite bed; and (2) rudist biostratigraphy, suggesting that some of the diamictite bed clasts may be Lower Cretaceous. However, significant variations in sedimentological and chemical composition of the limestone would be expected across the broad expanse of the Yucatan platform. Therefore, the differences in dolomite petrography and chemistry may be a product of lateral variations rather than an indication of deep crater excavation. In addition, the bulk rock 87 Sr/ 86 Sr from the diamictite bed clasts exhibit consistent upsection decreases (Fig. 10) . Therefore, although conjectural at this point, this chemostratigraphic trend in clast 87 Sr/ 86 Sr is consistent with increasing depth of excavation within the Yucatan platform. This may imply that at least some of the clasts were primary ejecta derived during cratering from subsurface horizons in the Yucatan platform.
CONCLUSIONS
The depositional and diagenetic history of KT impact ejecta deposited 360 km from the Chicxulub crater at Albion Island, Belize, has been evaluated with CL petrography and isotope geochemistry. The base of the section, exposed in an active quarry on Albion Island, consists of Late Cretaceous Barton Creek Formation marine limestone deposited on the Yucatan carbonate platform before the impact. The overlying 16 m of sediment are KT impact ejecta deposits called the Albion Formation. This unit is composed of an »1-m-thick spheroid bed of fine-grained dolomite and clay-rich sediments with small spheroidal pebbles, and a 15-m-thick diamictite bed composed of a coarse conglomeratic breccia with clasts up to 7AE5 m in diameter. A paragenetic sequence of 14 depositional and diagenetic events has been documented in the Albion Island section, which has been used as a contextual framework to interpret bulk-rock O, indicating that the Albion Island site was subaerially exposed and pervasively dolomitized before the KT impact. Abundant 1-cm-diameter dolomite spheroids in the spheroid bed exhibit unique vermicular crystalline textures and lack the concentric zonations common to other accretionary lapilli in the Albion Formation. These dolomite spheroids are hypothesized originally to have been impact glass, or Ca and Mg oxide dusts that adhered to condensing water particles in the impact vapour cloud and underwent rapid hydration and dolomitization after deposition. The earliest precipitation of dolomite observed in the matrix of the Albion Formation post-dated clays formed by devitrification of impact glass. This indicates that the dolomites comprising the matrix of the Albion Formation are also products of post-depositional diagenesis. Bulk-rock 87 Sr of large clasts in the diamictite bed indicate that they were not locally derived from the Barton Creek Formation limestone. However, they may have been eroded from equivalent or older limestone horizons in the Yucatan platform closer to, or within, the Chicxulub crater. The results indicate that both the ballistic and the ring vortex models remain viable models for the interpretation of ejecta dispersal from the Chicxulub impact crater.
